Gas tungsten arc welding of CK45 and AISI304 stainless steel was performed through preparation of different types of samples using ER308L and ERNi-1 wires. Welded samples were studied by different techniques including optical metallography, scanning electron microscopy equipped with energy dispersive X-ray spectroscopy (SEM-EDS), X-ray diffraction, hardness measurements and impact test. It was observed that in the buttered specimen, the structure of the weld metal was completely austenitic while the microstructure of unbuttered sample was duplex ferritic-austenitic. M 23 C 6 -type carbides were observed within the weld metal of both as-weld specimen types. Effects of different post-weld heat treatments (PWHTs) were investigated. The experimented results concluded that simultaneous grain growth and carbides precipitation were competitive during PWHT. Also, there were not any indication related to sigma-phase in as-welded and PWHTed specimens due to their lower Cr/Ni ratios and insufficient preservation times.
Introduction
According to the fact that every part of a process system operates at a specific condition, different structural alloys such as stainless steels, low-alloy and carbon steels due to their special properties are used in the design; resultant in dissimilar metal welded joints 1, 2 . Joints of dissimilar metal combinations are employed in different applications requiring certain special combination of properties as well as to save cost 3, 4 . Final properties of dissimilar joints depend on the base materials, filler metals, microstructural evolutions in fusion zone, and utilized welding technique [5] [6] [7] . Conventional welding of many such dissimilar metal combinations is not feasible owing to the different metallurgical problems. On the other hand, dissimilar metal welding of stainless steels to carbon or low alloy steels has a wide application in industry. These dissimilar metal joints are widely used in pressure vessels, boilers, heat exchangers of power generation industry and petrochemical plants and oil and gas industry; however, they have a number of challenges such as solidification cracking, hydrogen cracking, and formation of brittle phases that may cause the failure of components before the expected design life [8] [9] [10] [11] . Carbon diffusion and subsequent formation of harmful carbides in the weld metal is considerable in joining of low alloy and carbon steels to stainless steels. Hence, decarburization and grain growth take place in heat affected zone (HAZ) of carbon steel affect the mechanical properties. At the same time, in the adjacent weld metal, carbides will be formed. Carbides will substantially increase the hardness of weld and increase the likelihood of cracking in this zone. Moreover, carbon migration is considered to be a significant factor in determining the life cycle of a weld 12, 13 . Many key factors such as different physical and mechanical properties of base materials and probability of compounds and alloying in the weld zone must be considered while dissimilar welding; however, the importance of factors might be depend on the implemented welding technique. Based on literature, many attempts had been done in dissimilar metal joining by researchers through fusion and solid-state welding. Among the solidstate techniques, diffusion welding, explosive welding, friction and friction stir welding are known as the most applied methods 3, 4 . In the fusion category, beam-assisted techniques and arc weldings are the most interested methods. Gas-tungsten arc welding (GTAW) is the most conventional fusion welding method for dissimilar joints since applies an inert medium for shielding and protecting the weld pool which is also used in this study. In an overview, GTAW can result in a high-quality, low-distorted, spatter free, both filler added and autogenously produced, dilution and heat transfer controlled welds, and could be applied for vast variety of metals such as carbon and stainless steels welds 1, 2, 14 . In this regard, selection of a suitable filler metal would be important in producing an appropriate dissimilar metal joint. Carbon steel to stainless steel welding practitioners usually select the filler metal such that the joint is considered as being stainless steel, rather than being carbon steel. Over-alloyed fillers are used to avoid dilution of the alloying elements in the fusion zone of the parent stainless steel. Also, austenitic or nickel-base filler metals are commonly used to join stainless steel to carbon and low alloy steel. The choice depends on the application as well as the service conditions 2, [5] [6] [7] . Austenitic steels have greater solubility for carbon when compared to ferritic steels. Therefore, carbon migration and resultant depletion in carbon or low alloy steel is substantial when an austenitic filler metal is used
1 . Utilizing such a specific joining technique would have its own difficulties and considerations. It is obvious that in solid-state welded joints due to lower probability of microstructural evolutions, problems relate to metals alloying is normally insignificant since it is the major considered phenomenon in fusion methods 1 . The principals that are responsible for final properties and specially failure of dissimilar arc welded joints are comprised of microstructural and detrimental phase evolutions, solubility incompatibility of base metals and applied filler metal, differing melting points, differing thermal properties such as expansion coefficients and conductivities, problems incorporating the elemental diffusion due to different service conditions of metals such as oxidation and corrosion; however more information in this regard could be found in literature 1, 2, 14, 15 . As a brief review, factors affecting weld integrity could be relate to weld metal, dilution, melting temperatures, thermal coefficients and thermal conductivities 1, 2 . Also, welding technique, filler metal selection, joint design, buttering, pre-and post-weld heat treatments are constitute the most important considerations in dissimilar welding 1 . In addition to carbon diffusion and its subsequent incorporating problems such as carbides formation in the fusion zone of low alloy and carbon steels to stainless steels joints, in some cases, the weld microstructure contains δ-ferrite and a subsequent transformation of δ-ferrite to austenite will occur. Since the diffusion rate in solid is much lower than that of in liquid, transformation of the entire ferrite is impossible and finally a small quantity of ferrite remains 14, 15 . In addition, excessive heat input in GTAW technique varies the cooling rate and therefore affects the amount of remaining δ-ferrite 16 . The predominant precipitates found in weld metal exposed to temperatures of about 550 °C are M 23 C 6 -and MC-type carbides in unstabilized and stabilized steels, respectively 14 . Carbides in weld metal can either form during welding or servicing and also during PWHT [17] [18] [19] [20] [21] [22] . The process also tends to occur more rapidly in weld metals incorporating δ-ferrite 1, 14, 20 . In fully austenitic welds, kinetics of sigma phase precipitation is very slow and usually requires extended times. In addition, ferrite is richer than austenite in chromium. Consequently, ferrite accelerates the sigma phase formation. In the other words, ferrite bearing weld metals are susceptible to sigma embrittlement 23 . Based on the works conducted in dissimilar welding of steels concerning different aspects, such as microstructure and mechanical properties investigations 13, 16, 19, 20 along with studies on corrosion behavior [24] [25] [26] [27] [28] , it can be found that there is still too many objects need to be clarified and understood. Hence, in the present study, fusion welding of CK45 carbon steel and AISI304 stainless steel which targeted for using in power plant transition joints has been prepared applying GTAW technique. Two different types of samples with ER308L and ERNi-1 as filler and buttering wires were produced. PWHT was conducted in the range of 550-700 °C for 1-100 hours. Subsequently, samples were studied through metallography, SEM equipped by EDS, XRD, hardness measurements and impact tests.
Experimental Procedure
CK45 medium carbon steel and austenitic AISI304 stainless steel together with ERNi-1 and ER308L as buttering and filler wire, respectively were employed. Table 1 listed the chemical compositions of materials. The 250 × 60 × 8 mm specimens were prepared according to single-V groove joint design with 70° groove angle using 2 and 3 mm root face and root gap, respectively. Two different types of specimen were prepared. In type-A, layer of ERNi-1 was deposited on CK45 as a buttering layer with the minimum thickness of 4 mm. Then, ER308L wire was consumed to join the plates. In type-B, plates were joined using ER308L without any buttering. Totally three passes of GTAW were conducted in each type. Table 2 summarized the welding parameters.
In order to eliminate the heat sink effect, carbon steel plates were preheated at 200 °C. Final heat treatment of samples was done at 400 °C for about one hour followed by furnace cooling. During welding, interpass temperature was controlled to be in the range of 150-200 °C. In order to experience the effects of PWHT, samples were preserved at 550 °C and 700 °C for 1-100 hours and then were aircooled. Marble's modified reagent (20gr CuSO 4 + 50 mL H 2 SO 4 + 100 mL HCl + 100 mL H 2 O) was used to etch stainless steel and weld metals. Nital's reagent (10 mL HNO 3 + 90 mL ethanol) was used to etch carbon steel. Electrolytic 10 wt% oxalic acid solution was applied to observe carbides using the voltage of 6V for 15-20 seconds. Rockwell B hardness measurements were performed on as-weld and PWHTed samples. X-ray diffraction pattern (XRD) was employed to investigate the precipitates. To study toughness and fracture resistance of weld metals and HAZs, Charpy impact test employed since the samples were prepared according to ASTM E23 [29] . Also, fractography by means of SEM performed on impact specimens.
Results and Discussion
Metallographic investigations showed that the weld metal of type-A samples was completely austenitic (Figure 1 ) due to existence of Ni entering into the weld metal as an austenite-promoting element; however, weld metal in type-B samples had duplex ferritic-austenitic microstructure ( Figure 2 ).
Chemical quantometric analyses of welds performed and compositions were listed in Table 3 . Primary solidification of austenitic steels can occur as either austenite or ferrite. At higher Cr/Ni ratios, primary solidification occurs as δ-ferrite (FA solidification type) while at lower ratios, it occurs as austenite (AF solidification type) 14 . Figure 3 schematically illustrates the dependence of solidification types with Cr/Ni ratios in austenitic steels in equilibrium condition. Based on literature, Fe content in weld metal in addition to Cr and Ni contents could have influence on the range of solidification and its dependence with composition; since, increase in Fe content in a constant Cr/Ni ratio get the concurrent existence region of ferrite and austenite narrower 14, 30 . When an alloy solidifies as ferrite, it could be either fully ferritic or consisted of a mixture of ferrite and austenite at the end of solidification path. Under equilibrium cooling condition, most or approximately entire of ferrite transforms to austenite and for the rapid cooling conditions, such experienced in welding, this transformation is suppressed and ferrite remains in the structure. According to chemical analyses (Table 3) , the ratio of Cr/Ni = 2.00 in type-B sample comparing with Cr/Ni = 1.29 in type-A specimen is high enough to induce solidification initiation with δ-ferrite following with transformation to austenite during rapid cooling. Transformation of austenite takes place through peritectic and eutectic reactions in solidification. Buttering layer not only decreases the Cr/Ni ratio in the weld metal of type-A specimen due to increasing Ni concentration but also prevents carbon diffusion from carbon steel in spite of remarkable concentration gradient. Generally, decreasing the Cr/Ni ratio promotes austenite stability in the weld metal. Considering that carbon is less soluble in ferrite rather than austenite, increasing the Ni concentration in fusion zone facilitates the carbon migration, but deposited buttering layer acts as an augmentor agent of Ni in fusion zone and also by its stability during welding prevents carbon migration. Partial melting of Ni layer during welding simultaneously controls the dilution and plays as a barrier opposite to carbon which should diffuses through solid layer to reach weld metal. It noteworthy to mention that diffusion in a solid takes much more time rather than through such a liquid/melt phase due to lower diffusion coefficient in solid.
Different ferrite morphologies (skeletal, lathy, acicular and Widmanstätten) could be formed in order to varying the diffusion-controlled reaction through ferrite-austenite interface 14, 31 . Cooling speed, Fe content and Cr/Ni ratio affect the ferrite morphology via changing the diffusion parameters 30 . Since the cooling speed was moderate as a result of preheated and controlled interpass temperature as well as adequate Cr/Ni ratio in type-B specimen, δ-ferrite with skeletal morphology was formed in weld metal (Figure 2) . SEM-EDX analysis was performed on black zones shown in Figure 2 while the spectrum and chemical results are displayed in Figure 4 . Analysis result based on Ni and Cr contents proved ferrite existence.
The presence of δ-ferrite reduces the ductility and potentially the toughness. In addition, austenite/ferrite boundaries could be preferential sites for the precipitation of M 23 C 6 -type carbides and sigma-phase of which the latter would be an embrittling agent in stainless steels 32, 33 . Figure 5 , schematically illustrates the precipitation sequence of sigma-phase at various sites such as δ-ferrite islands. Sigma-phase (tetragonal Fe-Ni-Cr-Mo phase) and carbides may form in austenitic steels. Based on literature, sigmaphase, nominally FeCr, is hard and brittle and when presents in large volume fraction can reduce toughness and ductility remarkably 1, 32, 34 . In a fully austenitic microstructure, sigma precipitations are relatively sluggish and normally need extended times and higher temperatures 14 . Its formation range is 600-900 °C and it forms rapidly in ferrite/austenite interfaces 32, 34 ; hence, weld metals containing ferrite are most susceptible to embrittlement. Higher Cr content not only results in higher amounts of carbides but also promotes sigma-phase formation 1, 14 . X-ray diffraction was employed to detect the sigma-phase formation, since the patterns showed that both as-weld samples were free of any indication related to sigma-phase. Samples of both types soaked in 550 and 700 °C for 1, 10 and 100 hours to investigate if PWHT could induce phase formation in these joints. Subsequently, similar to as-weld specimens, they had not any indication related to sigma-phase. As a result, the inexistence of sigma-phase might relate to inadequate conditions (Cr/Ni ratio) and/or might need more than 100 hours of preservation. M 23 C 6 -type carbides, the most widely observed carbide type in austenitic stainless steels, strongly affect the corrosion resistance and precipitated very rapidly along grain boundaries in temperature range of 500-900 °C while the fastest rate of precipitation takes place in 650-700 °C [32, 33] . The major compositional factor for carbides formation is carbon content. According to Table 3 , weld metal carbon content in both type-A and type-B specimens were high enough to cause immediate formation of carbides besides cooling at the range of 550-850 °C in which chromium has a great affinity for carbon. Based on microscopic investigations, carbides were detected within weld metal in both as-weld specimen types; however, higher carbides amount in type-B sample was detected due to higher chromium and carbon contents. Figure 6 shows a SEM image of corroded M 23 C 6 -type carbides along grain boundaries of austenite in type-B weld metal. Considering the carbon content in as-received materials, 0.08 and 0.46 wt% for AISI304 and CK45, respectively, with normal dilutions, it is obvious that in weld metal of both specimen types, carbon content is kept low. The difference between carbon contents of weld metals and adjacent CK45 would establish a concentration gradient. Metallographic investigations showed a carburized region within the weld metal of type-B specimen adjacent to the fusion boundary and narrow decarburized zone in HAZ of CK45. Formation of carburized region in which carbides along the boundaries formed with higher density instead of other parts in weld metal with nonuniform distribution was a consequence of diffusion. In buttered specimens, carburized and subsequent decarburized areas were not observed as a result of barrier Ni layer.
Both microstructures of weld metal and HAZ play an important role in controlling the mechanical properties of the weldment. Hardness in different areas of the weld samples was measured using Rockwell B and the mean values of at least five measurements are compared in Figure 7 . Comparisons concluded that due to existence of δ-ferrite next to austenite and higher amount of carbides along the grain boundaries in weld metal of as-weld type-B sample, hardness increased (93 vs. 84.5 HRB). Hardnesses of the AISI304 HAZ in both samples were almost equal and because of austenite grain growth values were lower than that for base material.
Increase in hardness values of CK45 HAZ in both designs attributed to microstructural evolutions. Figure 8 illustrates the microstructure of CK45 HAZ with different magnifications. Based on figure, microstructure consisted of ferrite and pearlite as for as-received CK45. Average grain size of as-received CK45 was 10 µm whereas HAZ consisted of average 50 µm grains surrounded by connected network of grain-boundary ferrite while base material had discrete islands of ferrite in its matrix. The typical microstructure formed in weld metal of carbon steels consists of grain-boundary ferrite, Widmanstäten ferrite, acicular ferrite and microphases such as martensite, retained austenite or degenerate pearlite depending on the cooling rate below A 3 temperature 31, 35, 36 . The phases formed in HAZ have the same formation mechanism as the phases occurring in weld metal except for acicular ferrite 36 . Also, Eroglu et al. 31 reported that initial grain size of as-received material could strongly influence the phase evolutions and their amounts in weld metal and HAZ. With grain-boundary ferrite, the original austenite boundaries are entirely disrupted, facilitating the site for the segregation of impurities 35 . Due to higher cooling rates experienced in welding, finer microstructure consisting of transgranular pearlite formed. Also higher cooling rates facilitated the formation of small amounts of microphases such as martensite and grain-boundary ferrites with higher carbon contents; however, they all could increase the hardness. SEM-EDX analyses were acquired from black-spots observed in CK45 HAZ (Figure 8b) . Results represented higher amounts of O 2 (1.60 %wt.), Mn (1.94 %wt.) and Fe (96.27 %wt.). Higher amounts of elements proved the inclusions segregation facilitated by formation of ferrite at grain boundaries of pearlite which transformed from initial austenite. Moreover, carbon diffusion in type-B specimens through fusion line did not impose noticeable change in CK45 HAZ hardness. PWHT performed at 550 and 700 °C for 1, 10 and 100 hours followed by air cooling. Figures 9 and 10 illustrate hardness change in PWHTed samples. In the type-A specimen at 550 °C, austenite grains growth reduced weld metal hardness. On the other hand, prolonging the preservation time increased the volume of carbides and impeded grain growth and after 100 hours, hardness elevated because formation of greater amounts of carbides overcome grain growth effect (comparing 76.7, 75.1 and 82.7 HRB for 1, 10 and 100 hours, respectively at 550 °C). At 700 °C, the precipitation of carbides and austenite grains growth accelerated simultaneously. Take into consideration of low carbon content in weld metals of samples, during the prolonged preservation, grain growth dominated the effect of carbides volume increase and resulted in hardness reduction (comparing 88.2, 81.2 and 75.8 HRB for 1, 10 and 100 hours, respectively at 700 °C). The investigated trend in type-A specimen was also consistent for type-B. PWHT established two simultaneous challenging phenomena (grain growth and carbide formation) which induced hardness variations in which increasing temperature was more effective than preservation duration. The difference in type-A and -B specimens related to existence of ferrite. Ferrite-austenite interface had good potential for carbide precipitation 32, 33 and dissolution of ferrite during PWHT followed by Cr content increase as a carbide promoter, get hardness increased. Comparing the hardness values in Figures 9 and 10 showed the factors' effect. Figure 11 illustrates the connected network of carbides in type-B weld metal preserved at 700 °C for 10 hours. With increasing the time up to 100 hours, obvious change was observed in carbides thickness, hardness decrease and grain growth. Connected network of carbides incredibly decreased intergranular corrosion resistance and therefore subsequent service temperature range in these joints.
In order to investigate the influence of microstructural evolutions on toughness, impact tests were conducted. The averages of at least five experimented specimens of both types are shown in Table 4 . Also, fractured surfaces were studied by means of SEM (Figure 12 ). Sigma-phase formation resulted in embrittlement. Talbot and Furman 37 showed that less than 5%vol. of sigma-phase in microstructure was effective in reducing the impact toughness by over 50%. Comparing the results in Table 4 depicted that energies achieved for weld metal samples were strongly proved no sigma-phase presence in as-weld samples. Lower acquired energies for type-B specimens were due to duplex microstructure which deteriorated toughness; however, type-A weld metal had higher toughness related to its single-phase austenitic microstructure along with its lower carbides volume. As discussed previously, δ-ferrite caused embrittlement and facilitates the formation of microphases such as carbides. Noticeable decrease in CK45 HAZ related to connected network of grain-boundary ferrite (Figure 8 ) However, it is a reconstructive transformation involving the diffusion of all atoms, so that grains of ferrite across austenite grain boundaries into both the adjacent grains. With grain-boundary ferrite, the original austenite boundaries are entirely disrupted, facilitating the site for the segregation of impurities 35 . Impurities/inclusions segregation along grins boundaries strongly impaired impact toughness. Also, carbon migration in CK45 HAZ of type-B did not have positive effect on increasing toughness due to its higher primary carbon content (0.45 %wt.). Fractography depicted that both type-A and type-B weld specimens fractured with dimples which justified ductile fracture. Dimples diameters in type-B samples were lower than that for type-A due to higher strength and lower impact toughness of duplex structure. Figures 12b and 12c show SEM images of fractured AISI304 HAZ and CK45 HAZ surfaces. In carbon steel HAZ fracture occurred in certain crystal planes (stair-like structure) which was the evident of cleavage fracture attributed to lower toughness. Grain-boundary ferrite and impurities segregations at grain boundary sites caused brittle fracture. Stainless steel 304 HAZ and base metal were both had ductile fracture with dimple morphology.
Conclusions
Joining of CK45 to AISI304 stainless steel using GTAW technique has been performed and the microstructures and mechanical properties of weldments in as-weld and PWHTed conditions have been investigated. Weld metal in buttered specimen was completely austenitic while unbuttered sample had duplex structure. It was concluded that the Cr/Ni = 2.00 ratio was sufficient for weld metal to solidify as ferritic-austenitic (FA type) which resulted skeletal morphology of δ-ferrite. Overlaying nickel layer on CK45 and its partial melting in spite of reducing Cr/ Ni ratio in weld metal, completely prevented carbon diffusion and it was concluded that 4 mm thick buttering layer was appropriate to prevent subsequent carburized and decarburized regions next to fusion line in weld metal and CK45 HAZ, respectively. M 23 C 6 -type carbides observed immediately after welding along the grain boundaries in both type-A and type-B specimens. The volume fraction of carbides got increased by subsequent PWHTs.
PWHT at 550 and 700 °C for 1, 10 and 100 hours were performed to investigate effects of carbides precipitation, sigma-phase formation and grain growth. Grain growth and carbides precipitations were two simultaneous governing phenomena in both samples and their effect were in good agreement with hardness results. Governing factors surpassed each other in different treatments. Increasing the treatments' temperature caused grain growth effect overcome carbides effect. PWHTed samples similar to aswelds did not contain sigma-phase since this was related to their lower Cr/Ni ratios and insufficient preservation times. Hardness and impact tests results also proved the microstructural evolutions since impact energies were not noticeably decreased in welds. Appreciable decrease in CK45 HAZ toughness was due to formation of connected web of grain-boundary ferrites and segregation of impurities. Dimple structure for both weld metals in fractography proved ductile fracture mode while dimples in type-B specimen were finer according to higher strength and lower absorbed energy of duplex microstructure.
